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Abstract
Fluorescence light is used in spectroscopic experiments on stored ions. We discuss applications in (1)
high resolution microwave and rf/optical double resonance spectroscopy, (2) single ion detection, (3) mass

spectroscopy and (4) studies of stored ion clouds which exhibit properties of strongly coupled plasmas.

The stored ion method

Ions can be confined for long periods (as long as days) under ultrahigh vacuum conditions in ion
"traps" using electric and magnetic fields. This trapping can be accomplished without the wusual
perturbations associated with confinement (for example the perturbations due to collisions with walls or
buffer gases in a traditional optical pumping experiment.) Trapped ions are thus advantageous for high
precision spectroscopy since long confinement times can yield high resolution and systematic shifts in
observed spectra can be quite small.

Unfortunately (and necessarily), there is a price to be paid for this property of long storage times
with small perturbations -- the number of particles that can be stored is typically small (approximately
10 or less for a "trap" with centimeter dimensions); the densities are ultimately governed by the
competition between space charge repulsion and the confining electromagnetic forces obtained under normal
laboratory conditions. We remark that if we could obtain the high trapping fields necessary to obtain
high densities, then we would lose one of the advantages of the technique because, for example, Stark
shifts due to confinement would cause problems in very high resolution work. As a consequence of the Tow
numbers of trapped ijons, many types of experiments may be precluded -- for example spectroscopic
experiments on complex molecular ions where only a small fraction of the jons are in a given state.
However, in spite of the low numbers obtained, sensitive techniques have been developed so that single
atomic ions can be observed.

Here we will discuss only those experiments using the Penning! static trap. The more common Paul or rf
trap is very similar in construction and is discussed elsewhere 2’3, The electrode structure of a Penning

trap is shown in Figure 1.
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Figure 1. Schematic representation of Penning trap.
(VO#O for Paul trap)

The voltage U_is used to bias the "endcaps" so that a harmonic electric potential well is created along
the z or axial direction. This causes a repuisive potential in the x - y plane which can be overcome by
superimposing a static magnetic field along z (§=B Z). For a single ion in the trap (or neglecting space
charge) the equations of motion are °
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Thus the motion of a single ion in the trap is composed of a harmonic oscillation along z and a
superposition of two circular motions in the x-y plane at the shifted cyclotron (w') and magnetron (w )
frequencies. From the 3 oscillation frequencies we can derive the free space cyclotron frequency w_ of
the ions from the expression: * ¢
! %
W, = [(uuc)2 + wmz + wzz] (2)
Typical experimental parameters are such that B ~ 1T, U 2 1V, r_ =J2 z = 1 cm. Atomic ions can usually

be loaded by directly ionizing the parent neutr3l atom ¥ith an electron®beam which is externally injected
through the trap.

Microwave and rf/optical double resonance experiments on laser cooled ions

The principle gf these experiments is perhaps best illustrated by an early experiment on 24Mg+ ions.>
Small clouds (102~ N ~ 10%; cloud diameter ~200um to ~1lmm) of Mg fions are stored in a trap. The con-
fining axial (z) magnetic field (Bo=0.978 T) splits the 2%Mg energy levels, as shown in the inset in
Figure 2.
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Figure 2. Microwave/Optical double resonance spectrum of 24Mg .
Inset shows relevant energy levels and microwave and

optical pumping transitions.

Light (~5 p W focused to a spot diameter =100um; A =280 nm) from a frequency-doubled dye laser incident
along the x axis and polarized in the y direction is tuned to the (3p 2P3/% MJ =~3/2) «= (35 25, M, =
-1/2) transition frequency. This pumps the ions into the M, = -1/2 grouhd ‘state. This repopuPation
pumping can be explained as follows: Ions in the M, = +1/2 grdund state are driven weakly in the wings of
the (-1/2) « (+1/2) transition (we denote the excited and ground state M, values by the numbers in the
first and second parentheses, respectively). On re-emission, the ion decays with 2/3 probability to the
(-1/2) ground state, which tends to populate this state. Once in the (-1/2) ground state, the ion is
driven with high probability to the (-3/2) excited state, from which it can only decay to the (-1/2)
ground state Tevel. Depopulation of the (-1/2) ground state can occur because we are pumping in the wings
of the (+1/2) < (-1/2) transition. Even though this transition frequency is about 36.6 GHz away from the
laser frequency, it is driven at a rate that far exceeds the nonradiative relaxation rate in the ground
state. However, the (-1/2) <« (+1/2) transition frequency is only about 9.15 GHz away from the Taser
frequency,
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and therefore from a simple rate equation analysis, we should expect the population in the (-1/2) ground
state to be about 16 times larger than that in the (+1/2) ground state.

If we now drive a high-Q transition (here called a clock transition), which has as its ground state the
same repopulated level from the:optical pumping described above, this level will be depleted and the
transition will be indicated by a decrease in the fluorescence scattering from the optical pumping
transition. This simple double-resonance principle is illustrated in our experiments, in which the clock
transition is represented by the ground-state Zeeman transition (Fig. 2). In these experiments, we
observed the backscattered light in an f/4 cone; the net collection efficiency was 3x107>. The poor
resolution in this experiment is due to poor magnetic-field stabilization, that is, the field fluctuates
about 10 ppm in about 1ls. We note however, that in spite of the low ion numbers and poor collection
efficiency, it is possible to achieve adequate signal to noise because it is possible to scatter many
optical photons (or observe the absence of scattering) for each microwave photon absorbed. In these
experiments the absorption of one microwave photon resulted in the absence of 106 scattered optical
photons giving a quantum enhancement factor of 106.

In these experiments we are also able to reduce the kinetic energy of the ions by a process called
laser cooling or optical sideband cooling. This is important in very high resolution work where residual
first order and second order Doppler effects can cause systematic shifts in spectra. Laser cooling is a
method by which a beam of 1ight can be used to damp the velocity of an atom or ion. The basic mechanism
for cooling of a trapped ion by a laser beam tuned slightly lower in frequency than a strongly allowed
resonance transition is as follows: when the velocity of the ion is directed against the laser beam, the
light frequency in the ion's frame is Doppler shifted closer to resonance so that the light scattering
takes place at a higher rate than when the velocity is along the laser beam. Since the photons are
reemitted in random directions, the net effect, over a motional cycle, is to damp the ion's velocity, due
to absorption of photon momentum. If the laser frequency is tuned above resonance, it causes heating.
The effects of frequency detuning, orientation, and intensity profile of the laser beam on laser cooling of
an ion in a Penning trap have been calculated®. In these experiments, laser cooling and optical pumping
are obtained with the same laser beam.

These same basic techniques have now been applied to high resolution rf/optical double resonance
experiments which measure nuclear spin flip hyperfine transitions. Figure 3 shows the ground state
(MI, MJ) = (-3/2,1/2) <+ (-%,%) hyperfine resonance obtained on a small cloud of 2°Mg ions.? The
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Figure 3. 25Mg+ hyperfine resonance.
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oscillatory lineshape results from the use of the Ramsey separated oscillatory field technique, applied in
the time domain. Two coherent 1.02 s rf pulses separated by 41.4 s were used to drive the transition.
This resonance demonstrates the Jong relaxation times possible with stored ions. Line broadening due to
magnetic field variations was eliminated by operating the trap near a magnetic field at which the
derivative of the transition frequency with respect to field is zero. Light shifts were avoided by
turning the laser off during the 43.44 s rf period.

An rf oscillator has been locked to the (~3/2,1/2) < (-%,%) transition in 9Be’ jons to illustrate the
potential of stored ions as a frequency standard®. Stabilities comparable to those of a commercial cesium
clock were obtained and systematic frequency shifts were determined to be betow one part in 1013. The
present best frequency standard is based on the ground state hyperfine transition in neutral cesium and
has ap inaccuracy slightly less than 1 part in 1013, Eventually,® the ground state hyperfine transition
in Hg ions might be used to obtain a frequency standard with inaccuracy less than 1 part in 1015,

Single ion detection

The extreme sensitivity of the fluorescence techniques is illustrated by the ability to detect single
ions as shown in Figure 4.
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Figure 4. Fluorescence vs. time from a small group of 24Mg+
ions. The three large steps are due to the loss of
individual ions by charge exchange with 25Mg.

The four plateaus are due to the presence in the trap of three, two, one, and zero 24Mg+ ions, which were
neutralized, one by one, by 25Mg atoms coming from an oven!®. Similar experiments have also been
performed at Heidelberg!! and the University of Washington!?. 1In the Heidelberg experiments single cold
ions were actually photographed!!. This ability to detect single jons is not surprising when one realizes
that an individual ion can scatter photons at nearly half the spontaneous decay rate (107/s - 10%/s) when
the laser beam is of saturating intensity.

Mass spectroscopy

The possibility of performing high resclution mass spectroscopy in a Penning trap has been realized for
some time. At present, the best experiment compares the cyclotron frequencies of electrons and protons
which are alternately stored in the trap; this yields a direct value for the electron-proton mass ratiol3.
In these experiments!3 the ion motion is detected by observing the induced currents in the Penning trap
electrodes. In our experimentl? we measure the axial (w_), magnetron (w ), and electric-field-shifted
cyclotron (w_ ') frequencies of a small cloud of atomic i6ns stored in a %enning trap by observing the
changes in ion fluorescence scattering from a laser beam which is focused onto the jon cloud as shown
schematically in Figure 5. That is, when the ion motional frequencies are excited by an externally
applied oscillating electric field, the ion orbits increase in size causing a decrease in laser
fluorescence due to a decrease in overlap between the ion cloud and focused laser beam. To a good
approximation, the electric field excites only the collective center of mass modes, whose frequencies are
equal to those of a single jsolated ion in the trap!®. By measuring w_', w and w_ in this way, eq. (2)
can be used to determine the cyclotron frequency W, of the ion in the magnetic field B . One obvious
application of the method is to measure w_ for different jons in the same magnetic field 8nd thereby make
direct mass comparisons. ¢
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Figure 5. A small sample of jons is confined by
static magnetic and electric fields
(not shown.) A laser beam is focused
onto the sample and the fluorescence
scattering is observed. When the
cyclotron motion is excited by an
externally applied electric field (¢ f)
the ion orbits increase in size which
results in a decrease in fluorescence
due to a decrease in overlap between the
laser beam and ion cloud.

As a demonstration of the basic technique, in our experiments we compared the cyglotron frequency of 9ge’
ions to the electron spin flip frequency of the outer electron in the same ®Be  ions. This yielded the
quantity g,(®Be ) m(®Be )/m_, to a precision of 0.15 ppm. From a theoretical calculation of g.(°Be ) and
an auxiliafy value of m(®°Be )/m_ where m_ is the proton mass, we obtained a value of m_/m_ fo 0.34 ppm
limited by the theoretical calcBiation. Prhe precision in our measurements was limited by ﬁ%gnetic field
fluctuations and rather large anharmonic terms in the electric potential. Using a trap with electrodes
designed to null the higherigrder anharmonic terms, a similar experiment done on single ions shauld yield
precisions near 1 part in 107".

Studies of one component plasmas

In our experiments, when space charge can be neglected, a cloud of jons will rotate at the frequency w
given in eq. (1). In general, however, space charge cannot be neglected and the cloud will rotate at a

frequency wm' given by
2 2 %
, Ye UE) v 4rg?na
=7 N2/ T2 T T (3)

where we approximate the cloud as a uniformly charged ellipsoid!®,17. The constant a has a value near 1
and is related to the shape of the ellipsoid and n is the ion density. In a frame rotating at w' the
cloud of ions looks like it is embedded in a uniform background of negative charge with density n;
therefore this cloud of ions in a Penning trap might be viewed by a plasma physicist as a one component
non neutral jon plasmal®,19.

We can probe the properties of this plasma with the following optical/optical double resonance
fluorescence technique. This method+is essentially the same as was described earlier to measure the

ground state Zeeman resonance in 24Mg . Instead of the microwave oscillator, we use a second lower power,
focused probe laser beam incident in the x direction and tuned to an optical transition (for example
2p M, = +5) < 25 (M. = -%)) which depopulates the 25, (M, = -%) state, causing a decrease in

f]uo%esgence. The width Sf the observed double resonance fludrescence "dips" can be used to determine the
Doppler broadening of the optical transition and therefore the ion temperature. By moving the probe laser
beam in the y direction we can measure w ' from the rotation induced first order Doppler shifts of the,
optical transitions; from eg. 3 we can then derive the density n. From these kinds of measurements on Be
ions we can determine the plasma coupling constant T' and we measure values as high as 10. T is the ratio
of Coulomb energy to kinetic energy per particle?C. A plasma usually exhibits liquid properties for Iz2.
Eventually it may be possible to observe "Wigner crystallization"29°21 in a similar system (['=155).
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